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ABSTRACT 

The a g i n g  r e s p o n s e  o f  two powder m e t a l l u r g y  ( P / M )  p r o -  
c e s s e d  a l u m i n u m - l i t h i u m  a l l o y s  h a s  b e e n  d e t e r m i n e d .  Alloy I 
h a s  t h e  c o m p o s i t i o n  o f  A1-2.6% Li-1.4% Cu. A l l o y  11 is t h e  
same a s  A l l o y  I b u t  a l s o  c o n t a i n s  1.6% Mg. Y i e l d  a n d  u l t i m a t e  
t e n s i l e  s t r e n g t h s  o f  480 MPa a n d  550 MPa were o b t a i n e d  f o r  A l -  

l o y  I a f t e r  a peak a g e  o f  26 h o u r s  a t  443K. H i g h e r  y i e l d  and  
u l t i m a t e  s t r e n g t h  o f  5 2 5  MPa e n d  580 MPa were o b t a i n e d  f o r  A l -  
l o y  I 1  a f t e r  a peak  a g e  o f  26 h o u r s  a t  453K. S t r a i n - t o - f r a c t u r e  
was c o m p a r a b l e  f o r  b o t h  a l l o y s  a t  a b o u t  3%. Some i m p r o v e m e n t  
i n  t e n s i l e  d u c t i l i t y  was a c h i e v e d  a t  t h e  s a c r i f i c e  o f  t e n s i l e  
s t r e n g t h  by v a r y i n g  t h e  s o l u t i o n  h e a t  t r e a t m e n t  t e m p e r a t u r e  
o r  by u n d e r - a g i n g  or o v e r - a g i n g .  I n  g e n e r a l ,  f r a c t u r e  c h a r a c t e r -  
i s t i c s  were b r i t t l e ,  a n d  l i m i t e d  r e d u c t i o n - i n - a r e a  was o b s e r v e d  
i n  b o t h  a l l o y s .  The f r a c t u r e  mode and  m o r p h o l o g y  o f  t h e  two 
a l l o y s  d i f f e r e d .  A l l o y  I f r a c t u r e d  by t r a n s g r a n u l a r  s e p a r a t i o n  
( s l i p - p l a n e  d e c o h e s i o n )  a l o n g  a p l a n e  o f  max imum s h e a r  s t ress .  
Alloy I 1  f r a c t u r e d  by i n t e r g r a n u l a r  s e p a r a t i o n  a l o n g  a p l a n e  o f  

maximum t e n s i l e  s t ress .  A f i x e d  o r i e n t a t i o n a l  r e l a t i o n s h i p  was 
f o u n d  t o  e x j s t  b e t w e e n  t h e  s h e a r  f r a c t u r e  p l a n e  o f  A l l o y  I s p e c i -  
mens and  t h e  r o l l i n g  d i r e c t i o n ,  t h u s  s u g g e s t i n g  t h a t  t h i s  P / M  

a l l o y  may b e  s t r o n g l y  t e x t u r e d .  A l l o y  1 1  e x h i b i t e d  r e c r y s t a l l i z a -  
t i o n  and  g r a i n  g r o w t h ,  a s  well a s  c o a r s e  p r e c i p i t a t i o n  a l o n g  g r a i n  
b o u n d a r i e s .  The a g i n g  r e s p o n s e  o f  b o t h  a l l o y s  was f o u n d  t o  be 

s e n s i t i v e  t3 h o t  w o r k i n q  o p e r a t i o n s  p e r f o r m e d  p r i o r  t o  s o l u t i o n  
h e  a t  t r e a tme n t . 
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I NTROOUC T ION 

Over t h e  n e x t  d e c a d e ,  e m p h a s i s  w i l l  be p l a c e d  on t h e  d e v e l -  
opment  o f  a d v a n c e d  aluminum a l l o y s  f o r  a e r o s p a c e  s t r u c t u r a l  ap- 

p l i c a t i o n s . ’ * 2  
m a j o r  r e d e s i g n  o f  s p a c e ,  missile a n d  a i r c r a f t  systems. A l l o y s  
w i l l  be  t a i l o r e d  i n  terms o f :  1 )  d e n s i t y ,  2 )  e l a s t i c  moduLus, 
a n d  3 )  s t r e n g t h  t o  a c h i e v e  m a j o r  s a v i n g s  i n  w e i g h t  a n d ,  t h u s ,  
r e d u c e  o p e r a t i o n a l  e x p e n s e .  To f u l l y  assess t h e  s t r e n g t h - t o -  
w e i g h t  o r  s t i f f n e s s - t o - w e i g h t  a d v a n t a g e  of  t h e  c a n d i d a t e  a l l o y s ,  
d u r a b i l i t y  c r i t e r i a ,  s u c h  a s  f a t i g u e  e n d u r a n c e  a n d / o r  e n v i r o n -  
m e n t a l  d e g r a d a t i o n ,  m u s t  be assessed.  S t r e s s  c o r r o s i o n  c r a c k i n g  
(SCC) o f  h i g h - s t r e n g t h  aluminum a l l o y s  h a s  b e e n  a p r e v a l e n t  s e r -  
v i ce  p r o b l e m  i n  t h e  a i r c r a f t  i n d u s t r y .  T h u s ,  t h e  s t r e n g t h - t o -  
w e i g h t  a d v a n t a g e  f o r  a n  u l t e r n a t i v e  a l l o y  n e e d s  t o  be  n o r m a l i z e d  
i n  terms o f  s u s c e p t i b i l i t y  t o  SCC. The p u r p o s e  o f  t h e  c u r r e n t  
research  p r o g r a m  is  t o :  1 )  i d e n t i f y  a p r a c t i c a l  SCC s c r e e n i n g  
t e c h n i q u e ,  a n d  2 )  e v a l u a t e  t h e  r e l a t i v e  SCC r e s i s t a n c e  of  A 1 - L i  
c a n d i d a t e  a d v a n c e d  aluminum a l l o y s .  T h i s  work i s  e s s e n t i a l  f o r  
s u c c e s s f u l  n e a r - t e r m  u s e  o f  i m p r o v e d  a l l o y s  f o r  c o m m e r c i a l  
systems a n d  f o r  t h e  e v e n t u a l  d e v e l o p m e n t  o f  optimum s t r u c t u r a l  
a l l o y s .  

Advenced a l l o y s  w i l l  be u t i l i z e d  i n  t h e  d e s i g n  o r  

The o b j e c t i v e  o f  t h i s  f i r s t  r e p o r t  is  t o  c h a r a c t e r i z e  t h e  
m i c r o s t r u c t u r e  and  t e n s i l e  p r o p e r t i e s  o f  t h e  two a l u m i n u m - l i t h i u m  
alloys se lec ted  f o r  s t u d y .  The a l l o y s  were p r o d u c e d  u s i n g  t h e  

powder m e t a l l u r g y  t e c h n i q u e .  Due t o  t h e  u n i q u e  chemistry and  
f a b r i c a t i o n  h i s t o r y  o f  t h e  a l l o y s ,  t h e  d e c i s i o n  was made t o  1 )  
i n v e s t i g a t e  t h e  a g i n g  r e s p o n s e  and 2 )  e s t a b l i s h  b a s e l i n e  t e n s i l e  
p r o p e r t i e s .  The a g i n g  r e s p o n s e  was s t u d i e d  t o  d e t e r m i n e  t h e  h e a t  
t r e a t m e n t  s e q u e n c e  wh ich  w i l l  y i e l d  optimum m e c h a n i c a l  p r o p e r t i e s .  
P a r t i c u l a r  a t t e n t i o n  was f o c u s e d  on a c h i e v i n g  s u f f i c i e n t  t e n s i l e  
e l o n g a t i o n  a t  h i g h  t e n s i l e  s t r e n g t h  80 t h a t  d e g r a d a t i o n  u n d e r  SCC 
c o n d i t i o n s  c o u l d  b e  p r o p e r l y  a s s e s s e d .  The f r a c t u r e  m o r p h o l o g y  
u n d e r  a m b i e n t  c o n d i t i o n s  was a l s o  c h a r a c t e r i z e d  f o r  l a t e r  c o m p a r i -  
s o n  t o  SCC f e a t u r e s .  
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BACKGROUND 

The two most w i d e l y  used s t r u c t u r a l  a luminum a l l o y s  i n  
t h e  aerospace i n d u s t r y  a r e  t h e  A1-Cu base a l l o y  2024 (Aluminum 

A s s o c i a t i o n  d e s i g n a t i o n )  and t h e  A1-Zn-Mg-Cu base a l l o y  7 0 7 5 .  

I n  the  aged c o n d i t i o n  ( - 7 3  and -14  f o r  2024 aluminum and -16 
f o r  7 0 7 5  aluminum),  t h e  a l l o y s  a r e  c h a r a c t e r i z e d  b y  low smooth 

specimen SCC t h r e s h o l d  s t r e s s  v a l u e s  ( <  5 5  MN/m ) i n  t h e  s h o r t -  

t r a n s v e r s e  d i r e ~ t i o n . ~  This l o w  r e s i s t a n c e  t o  S C C  has  r e s u l t e d  

i n  a h i g h  f requency  a f  s e r v i c e  problems.  Through m a n i p u l a t i o n  

o f  m ino r  e lemen t  c h e m i s t r y  and th rough  a l t e r n a t e  temper t r e a t -  

ments  ( o v e r a g i n g  t r e a t m e n t s ) ,  t h e  SCC r e s i s t a n c e  o f  these a l l o y s  

has  been improved,  b u t  u s u a l l y  a t  t h e  expense o f  reduced  t e n s i l e  

p r o p e r t i e s .  A d d i t i o n a l  p r o g r e s s  has  been made t o  i n t r o d u c e  i m -  

p roved  a l l o y s  t h r o u g h  a d j u s t m e n t  o f  a l l o y  c h e m i s t r y  and t h r o u g h  

thermomechan ica l  t r e a t m e n t  ( T M T ) .  However, c o n v e n t i o n a l l y - p r o -  

cessed ( c a s t  i n g o t  m e t a l l u r g y )  a l l o y s  f a l l  s h o r t  o f  d e m o n a t r a t i n g  

s u f f i c i e n t  improvement  i n  p r o p e r t i e s  t o  d i s p l a c e  t h e  two ma ins tay  

a l l o y s  o f  t h e  aerospace i n d u s t r y ;  t he  2XXX and 7XXX s e r i e s  a l l o y s .  

2 

B e t t e r  c o m b i n a t i o n s  o f  s t r e n g t h ,  r e s i s t a n c e  t o  s t r e s s  c o r r o -  . 
s i o n  c r a c k i n g  and r e s i s t a n c e  t o  e x f o l i a t i o n  c o r r o s i o n  can be 

o b t a i n e d  i n  nrough t p r o d u c t s  made f rom p r e - a l l o y e d  a tomized  pow- 

d e r  t han  i n  c o r r e s p o n d i n g  p r o d u c t s  made f rom c a s t  i n g o t .  2 1 4 9 5  
Improvements are  a t t r i b u t a b l e  t o  t h e  un ique  m i c r o s t r u c t u r e  o f  t he  

r a p i d  1 y s o l i d i  f i e d  powde r s .  M i c r o s  t r u c  t ur a1  ad vantages  i n c l u d e  

1 )  decreased g r a i n  s i z e  ( g r a i n  s i z e s  l e s s  than  1 p m  a r e  a t t a i n -  

a b l e ) ,  2 )  i n c r e a s e d  s o l i d  s o l u b i l i t y  ( o f t e n  b y  o r d e r s  o f  magn i tude 

when compared t o  e q u i l i b r i u m  c o n d i t i o n s ) ,  and 3 )  e l i m i n a t i o n  o f  

seg rega ted  phases. I n  the  U n i t e d  S t a t e s ,  m i c r o s t r u c t u r a l  c h a r -  

a c t e r i z a t i o n  o f  s e v e r a l  base  systems i s  p roceed ing .  Aluminum 

a l l o y s  t h a t  have been i n v e s t i g a t e d  i n c l u d e :  A 1 - C r ,  Al-Cu, AI-Fe, 

Al-Co, A 1 - N i ,  A 1 - M n ,  A l - Z r ,  A 1 - H f ,  AI-Fe-Mn, and AI-Mg-Mn. 

M i c r o s t r u c t u r e  and mechan ica l  p r o p e r t i e s  measurements on con- 

s o l i d a t e d  m a t e r i a l  a r e  a l s o  b e i n g  conducted.  The f o l l o w i n g  

a l l o y s  have been s t u d i e d :  AI-Cu-Mg (2024), AI-Zn-Mg ( 7 0 7 5 1 ,  

A1-Fe,  Al-Mn-Cu, A1-Mn,  41-Cu-Mq-Li (2024 + l i t h i u m ) ,  A I - L i ,  

2 

Al -Cu-L i  and A1-Mg-Li. 1 , 2 , 5 , 6 , 7  
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A l l o y  MA87, s i m i l a r  i n  c o m p o s i t i o n  t o  7 0 7 5  a luminum,  is a n  
e x a m p l e  o f  t h e  p o t e n t i a l  a l l o y  a d k a n c e m e n t  a v a i l a b l e  t h r o u g h  P/M 
t e c h n i q u e s .  In  c o m p a r i s o n  w i t h  th.;, i n g o t  me ta l lu rgy  ( I M )  7 0 7 5  
a g e d  t o  s i m i l a r  l o n g i t u d i n a l  y i e l d  s t r e n g t h ,  P / M  a l l o y  MA87 e x h i -  
b i t s  a n  a p p r o x i m a t e  15% improvemen t  i n  t e n s i l e  s t r e n g t h ,  a 20% 

i m p r o v e m e n t  i n  t h e  f a t i g u e  e n d u r a n c e  l i m i t ,  a reduced f a t i g u e  
crack g r o w t h  r a t e ,  a n d  a 100% i n c r e a e e  i n  t h e  r e a i e t a n c e  t o  
s t r e s s  c o r r ~ s i o n . ~  Powder m e t a l l u r g y  t e c h n o l o g y  o f f e r s  a b r o a d  
r a n g e  o f compo s i t i o n a  1 va r i a  t i o n ,  una t t a i n a b  le t h r o u g h  *conve n - 
t i o n a l  c a s t  i n g o t  p r o c e s s i n g .  Thus,  t h e  g r e a t e s t  p o t e n t i a l  f o r  
s i g n i f i c a n t  a d v a n c e m e n t  i n  a luminum a e r o s p a c e  a l l o y s  may b e  

p r o v i d e d  by P/M p r o c e s s i n g  t e c h n o l o g y .  

O f  t h e  many c a n d i d a t e  a luminum s t r u c t u r a l  a l l o y s  b e i n g  d e -  

v e l o p e d  u s i n g  P/M t e c h n o l o g y ,  a l u m i n u m - l i t h i u m  a l l o y s  o f f e r  t h e  
bes t  p o t e n t i a l  f o r  s u c c e s s f u l  n e a r - t e r m  use i n  t h e  a e r o s p a c e  
i n d u s t r y .  A 1 - L i  a l l o y s  a r e  p r i m e  c a n d i d a t e s  b e c a u s e  t h e y  o f f e r  
s i g n i f i c a n t  i n c r e a s e s  i n  s p e c i f i c  m o d u l u s  ( i . e . ,  e l a s t i c  m o d u l u s  
t o  d e n s i t y  r a t i o ) ,  w h i l e  p r o v i d i n g  s t r e n g t h  s i m i l a r  t o  t h e  7XXX 
s e r i e s  a n d  2XXX s e r i e s  I / M  a l l o y s . '  *' B e c a u s e  d i f f i c u l t i e s  h a v e  
b e e n  e x p e r i e n c e d  i n  c o n v e n t i o n a l  c a s t i n g ,  a l l o y  X-2020 ( A l - 4 . 5  
Cu-1.5 L i ) *  was w i t h d r a w n  a s  a c o m m e r c i a l  p r o d u c t  i n  t h e  l a t e  
1 9 5 0 ' s .  R e c e n t  a t t e n t i o n  h a s  f o c u s e d  on p r o d u c i n g  A 1 - L i  a l l o y s  
from r a p i d l y  s o l i d i f i e d  powders .  9 6  

Two powder m e t a l l u r g y  p r o c e s s e d  A l - i i  a l l o y s  h a v e  b e e n  p r o -  
c u r e d  f o r  t h e  SCC s t u d y .  The a l l o y s  a r e  A1-2.6% Li -1 .4% C u  and  
A1-2.6% Li-1.4%Cu-1.6% Mg. Both c o m p o s i t i o n s  a r e  o f  p o t e n t i a l  
c o m m e r c i a l  i n t e r e s t  b e c a u s e  o f  t h e  h i g h  s p e c j  f i c  s t r e n g t h  v a l u e s  
a t t a i n a b l e .  I n  a d d i t i o n ,  t h e  p r e s e n c e  o f  magnesium i n  t h e  l a t t e r  
a l l o y  a l t e r s  t h e  p r e c i p i t a t i o n  k i n e t i c s  and i n f l u e n c e s  t h e  s i z e  
a n d  d i s t r i b u t i o n  o f  t h e  g r a i r :  b o u n d a r y  p r e c i p i t a t e s .  S i n c e  g r a i n  
b o u n d a r y  p r e c i p i t a t e s  a n d / o r  t h e  a c c o m p a n y i n g  p r e c i p i t a t e  f r e e  
z o n e s  ( P f Z ' s )  a r e  t h o u g h t  t o  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  s t r e s s  
c o r r o s i o n  c r a c k i n g  p r o c e s s ,  t h e  i n f l u e n c e  o f  t h e  Mg a d d i t i o n  w i l l  
b e  c l o s e l y  m o n i t o r e d .  

+ A l l  c o m p o s i t i o n s  i n  w e i g h t  p e r c e n t  
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EXPERIMENTAL TECHNIQUE 

Two a l u m i n u m - l i  t h i u m  a l l o y s  were purchased f rom Kawecki  

B e r y l c o  I n d u s t r i e s ,  Inc., Reading, Pennsy lvan ia .  The a l l o y s  

were p r o c e s r e d  u s i n g  powder m e t a l l u r g y  ( P / M )  techn iques .  Pow- 

d e r s  were produced by r a p i d  c o o l i n g  an a t o m i z e d  m o l t a n  s t ream 

o f  t h e  t a r g e t  c o m p o s i t i o n  i n  an i n e r t  gas ( A r )  atmosphere. H igh-  

p u r i t y  (0.9999 w e i g h t  p e r c e n t )  aluminum and a 20 w t .  p c t .  l i t h i u m  

master  a l l o y  were combined so a s  t o  y i e l d  an a p p r o x i m a t e  2.6 w t .  

p c t .  a l u m i n u m - l i t h i u m  m e l t .  H igh  p u r i t y  e lement  a d d i t i o n s  were 
made t o  a d j u s t  t h e  m e l t  t o  t h e  d e s i r e d  a l l o y  c o m p o s i t i o n .  The 

c o o l i n g  r a t e  o f  t h e  a t o m i z a t i o n  p r o c e s s  was e s t i m a t e d  t o  be ap- 

p r o x i m a t e l y  :03 'K/sec. 

c a l ,  a b o u t  150 m i n  d i a m e t e r  ( s i z e d  t o  100 mesh). 

- 

The r e s u l t i n g  powders were s p h e r i -  

Powders were packed i n  6061 aluminum cans  (13.7 cm 0.0. w i t h  

a 0.32 cm w a l l )  and c o l d  i s o s t a t i c  p resaed t o  41s MPa. The com- 

p a c t e d  powders were t h e n  h o t  u p s e t  a t  755'K a g a i n s t  a b l i n d  

d i e  and e x t r u d e d  a t  672'K t h r o u g h  a 55.9 mm b y  14.7 mm (2.2 
i n c h  b y  0.58 i n c h )  d i e .  T h i s  y i e l d s  an a p p r o x i m a t e  1 O : l  e x -  

t r u s i o n  r a t i o .  

The c h e m i c a l  c o m p o s i t i o n s  o f  t h e  r e s u l t i n g  a l l o y s  are  p r e -  

sented  i n  Table 1. The l i t h i u m  c o n t e n t  was d e t e r m i n e d  u s i n g  t h e  

wet c h e m i c a l  techn ique.  The z i r c o n i u m  i s  added t o  r e f i n e  g r a i n  

s i z e  and t o  r e t a r d  g r a i n  growth.  The A l -  L i -  Cu a l l o y  i s  h e r e -  

a f t e r  d e s i g n a t e d  A l l o y  I .  The A l -  L i -  Cu- Mg a l l o y  is h e r e a f t e r  

de s i g n a  t e d  A 1  l o y  I I .  

M i c r o s t r u c t u r e s  r e p r e s e n t a t i v e  o f  t h e  a s - r e c e i v e d  a l l o y s  

a r e  p r e s e n t e d  i n  F i g u r e  1. Coarse p r e c i p i t a t i o n  i s  observed 

i n  b o t h  a l l o y  systems and t h i s  r e s u l t s  f r o m  t h e  somewhat h i g h  

p r o c e s s i n g  t e m p e r a t u r e s  used i n  t h e  c o n s o l i d a t i o n  o f  the  powders. 

The p r e c i p i t a t i o n  i n  A l l o y  I 1  i s  p a r t i c u l a r l y  coarse.  P r e c i p i -  

t a t i o n  i s  found t o  be p r e f e r e n t i a l l y  i n  l i n e s  p a r a l l e l  t o  t h e  

e x t r u s i o n  d i r e c t i o n  (ED)  i n  b o t h  a l l o y s ,  a l t h o u g h  t h e  e f f e c t  

is most n o t a b l e  i n  A l l o y  I .  

9 



To scope t h e  a g i n g  rcsponse o f  t h e  a l l o y s ,  herdncsss t e s t i n g  

was conduc ted  on coupon specimens 12 mm by 8 mm b y  1.5 mm, c u t  

f rom h o t  r o l l e d  s t r i p .  The a t r i p  was h o t  r o l l e d  e t  abou t  700°K 
with r o l l s  m a i n t a i n e d  a t  450°K. The s e c t i o n  t h i c k n e s s  was r e -  

duced about  5% p e r  pass, and the  m a t e r i a l  was r e h e a t e d  t o  700°K 
a f t e r  eve ry  f o u r  passes. I n  t h i s  manner, a 1.5-mm-thick s t r i p  

was p repared  f rom t h e  14.7 mm t h i c k  o r i q i n a l  e x t r u s i o n  and was 

a l s o  used t o  make t e n s i l e  specimens f o r  C h a r a c t e r i z a t i o n  o f  t h e  

mechan ica l  p r o p e r t i e s .  The Rockwe l l  15-T s u p e r f i c i a l  ha rdness  

s c a l e  was used t o  measure hardness. 

. 

T e n s i l e  t e s t s  were pe r fo rmed  u s i n q  t h e  t h r e e  specimen t y p e s  

d e p i c t e d  i n  F i g u r e  2. The t e n s i l e  coupons, F i g u r e  2a, were a l s o  

f a b r i c a t e d  f rom t h e  h o t  r o l l e d  s t r i p .  The s t r a i n i n g  e l e c t r o d e  

specimens ( f o r  t h e  subsequent  s t r e s s  c o r r o s i o n  s t u d y ) ,  F i g u r e  2b, 

and the  t e n s i l e  rounds,  F i g u r e  2c, were f a b r i c a t e d  from t h e  e x -  

t r u d e d  p l a t e .  A l l  h e a t  t r e a t i n g  was pe r fo rmed  i n  a i r  a f t e r  spec-  

imen f a b r i c a t i o n .  Coecimens were r o u g h - p o l i s h e d  t o  600 g r i t  ab ra -  

s i v e  paper p r i o r  t o  t e s t i n g .  T e n s i l e  t e s t s  were pe r fo rmed  u s i n g  

a c l o s e d  l o o p  e l e c t r o h y d r 2 u l i c  t e s t  system under  s t r o k e  c o n t r o l ,  

T e n s i l e  t e s t s  were COndtJCteO under  ambient  c o n d i t i o n s  a t  a mea- 

s u r e d  p l a s t i c  s t r a i n  r a t e  o f  1 . 4  x 1014S" * 

m i n a t i o n s  were made from t h e  o u t p L t  o f  two s t r a i n  gauges a t t a c h e d  

t o  o p p o s i t e  s i d e s  o f  t e n s i l e  caupons, F i g u r e  20. An ex tensometer  

was used t o  d e t e r m i n e  e n q i n e e r i n g  s t r a i l - ,  e ?  t o  f i n a l  f r a c t u r e .  

The s t r a i n - t o - f r a c t u r e ,  'f, d a t e  r e p o r t e d  h e r e i n  are  t h e  v a l u e 8  

o f  t he  p l a s t i c  e n g i n e e r i n g  s t r a i n - t o - f r a c t u r e  de te rm ined  f rom 

t h e  d i s p l a c e m e n t  v e r s u s  l o a d  r e c o r d .  

Modulus d e t e r -  
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RESULTS AND DISCUSSION 

I n  t h i s  s e c t i o n ,  t h e  m i c r o s t r u c t u r e ,  a g i n g  response, and 

t e n s i l e  p r o p e r t i e s  o f  t h e  two a l u m i n u m - l i t h i u m  a l l o y s  a r e  c h a r -  

a c t e r i r a d .  F i r s t ,  a t t e n t i o n  i s  focused on m i c r o s t r u c t u r a l  

changes o c c u r r i n g  as a r e s u l t  o f  h e a t  t r e a t m e n t  and h o t  r o l l i n g .  

S o l u t i o n  h e a t  t r e a t m e n t  was necessary  t o  d i s s o l v e  t h e  c o a r s e  

6 (A13Li) p r e c i p i t a t e s  found i n  t h e  a s - r e c e i v e d  m a t e r i a l  and 

c o n d i t i o n  t h e  a l l o y  f o r  peak age-hardening. Second, t h e  a g i n g  

d a t a  a r e  p resented .  Time and t e m p e r a t u r e  c o n d i t i o n s  for peak 

s t r e n g t h e n i n g  a r e  d e f i n e d  f o r  each a l l o y .  Next, t h e  t e n s i l e  

p r o p e r t i e s  o f  A l l o y s  I and I1 a r e  p r e s e n t e d  as  a f u n c t i m  o f  
h e a t  t r e a t m e n t .  The purpose o f  these d a t a  i s  t o  e s t a b l i s h  

s t r e n g t h / d u c t i l i t y  c o m b i n a t i o n s  which a r e  most  p e r t i n e n t  for 
t h e  subsequent i n v e s t i g a t i o n  o f  s t r e s s  c o r r o s i o n  c r a c k i n g .  

F i n a l l y ,  t h e  morphology o f  room t e m p e r a t u r e  f r a c t u r e  i s  a l s o  

c h a r a c t e r i z e d  t o  a s s i s t  i n t e r p r e t a t i o n  o f  t h e  t e n s i l e  r e s u l t s  

and f o r  l a t e r  compar ison  t o  f r a c t u r e s  i n d u c e d  by s t r e s s  c o r -  

r o s i o n  c r a c k i n g .  

M i c r o s t r u c t u r e  

S o i u t i o n  h e a t  t r e a t m e n t  was per fo rmed t o  d i s s o l v e  t h e  

c o a r s e  p r e c i p i t a t e s  found i n  t h e  P/M processed a l l o y s .  Pre-  

l i m i n a r y  s c o p i n g  t e s t s  i n d i c a t e d  t h a t  t h e  p r e c i p i t a t e s  b e g i n  

t o  go i n t o  s o l u t i o n  a t  t e m p e r a t u r e s  somewhat g r e a t e r  t h a n  670°K. 

T h i s  i s  c o n s i s t e n t  w i t h  t h e  s o l u b i l i t y  d a t a  f o r  t h e  b i n a r y  A1-L i  

a l l o y  system r e p o r t e d  by Costas and Marsha l l . '  Thorough d i s s o -  

l u t i o n  o f  p r e c i p i t a t e s  w i t h i n  0.5 h o u r s  o c c u r r e d  f o r  tempera- 

t u r e s  g r e a t e r  thar l  780°K. S o l u t i o n  h e a t  t r e a t  c o n d i t i o n s  

r a n g i n g  f r o m  768' t o  828'K a r e  i n v e s t i g a t e d  i n  t h i s  s t u d y .  

l i  



Aging Response 

Many alumini!m a l l o y s  e x h i b i t  age h a r d e n i n g  due t o  t h e  

g r o w t h  o f  m e t a s t a b l e  phveea t h a t  r e a u l  t from d e c o m p o s i t i o n  

o f  t h e  s u p e r s a t u r a t e d  s o l i d  tso lu t ion .  The me t e s t a b l e  phase 

r e s p o n s i b l e  f o r  s t r a n q t h e n i n q  i n  A1-L i  b i n a r y  a l l o y s  i s  an 

o r d e r e d  A I J L i  p r e c i p i t a t e ,  termed 6 I .  9 * 1 0  Under c e r -  

l a i n  c a n d i  t i o n s  o f  t ime and tempera ture ,  t h e  p r e c i p i t a t i o n  

o f  6 ' i s  homogeneous, p r o d u c i n q  a h i g h  d e n s i t y  o f  v e r y  s m a l l  

( % . 0 1 0 g m  d i a m e t e r )  s p h e r i c a l  p r e c i p i t a t e s .  I n  A l - L i - C u  

t e r n a r y  a l l o y s ,  t h e  l i t h i u m  p r e c i p i t a t e s  i n d e p e n d e n t l y  o f  

copper  wh ich  F o l l o w s  t h e  sequence t h a t  o c c u r s  i n  t h e  A1-Cu 

b i n a r y  system: 

GPI-GPII-8"-8' ( A I Z  Cu) 

Both  t h e  6 ' and t h e  0 "  p r e c i p i t a t e s  e f f e c t i v e l y  impede d i s -  

l o c a t i o n  mot ion ,  c a u s i n q  an i n c r e a s e  i n  f l o w  s t r e n g t h .  How- 

e v e r ,  c o n t i n u e d  a g i n g  r e s u l t s  i n  p r o q r e s s i v e  l o s s  i n  coherency 

between t h e  m a t r i x  and t h e  p r e c i p i t a t e  as t h e  m e t a s t a b l e  6 I 

t r a n s i t i o n s  t o  5 phase and as t h e  8" proceeds toward  t h e  

e q u i l i b r i u m  8 ' .  As a consequence, t h e r e  i s  a r e d u c t i o n  i n  

y i e l d  and t e n s i l e  s t r e n g t h ,  as p r e d i c t e d  by mechanisms such 

as t h e  one proposed by Orowan. " M a x i m u m  s t r e n g t h e n i n g  

t h u s  o c c u r s  a t  some i n t e r 6 e d i a t e  a q i n q  t ime t h a t  is dependent,  

i n  p a r t ,  on a l l o y  c h e m i s t r y .  I n  t h i s  s e c t i o n ,  d a t a  which c h a r -  

a c t e r i z e  t h e  a q i n 9  response o f  t h e  two a l l o y s  a r e  presented .  
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The m i c r o s t r u c t u r e s  o f  A l l o y  I and XI, a f t e r  s o l u t i o n  

h e a t  t r e a t m e n t  a t  828'K f o r  0.5 hours,  a r e  p r e s e n t e d  i n  
F i g u r e s  3 and 4. L i n e a r  i n d i c a t i o n s  p r e s e n t  i n  t h e  o r i g i n a l  

e x t r u s i o n  r e m a i n  d e c o r a t e d  w i t h  p r e c i p i t a t e s .  R e c r y s t a l l i z a -  

t i o n  i s  observed i n  b o t h  a l l o y s .  The l a r g e r  r e c r y s t a l l i z e d  

g r a i n s  a r e  a b o u t  3Ovm l o n g  i n  t h e  e x t r u s i o n  d i r e c t i o n ,  w h i l e  

g r o w t h  i n  t h e  s h o r t  t r a n s v e r s e  d i r e c t i o n  appears  c o n s t r a i n e d  

b y  t h e  l i n e a r  a r r a y  o f  p r e c i p i t a t e s .  The a r r a y  o f  p r e c i p i t a t e s  

i s  l i n e a r  r a t h e r  t h a n  p l a n a r .  This i s  a i s 0  e v i d e n t  i n  t h e  t r a n s -  

v e r s e  s e c t i o n  m i c r o g r a p h s  o f  F i g u r e  4. A r e l a t i v e l y  u n i f o r m  

a r r a y  o f  p r e c i p i t a t e s  i s  o b s e r v e d  i n  t h e  t r a n s v e r s e  f i e l d . .  The 

r e c r y s t a l l i z e d  g r a i n s  a r e  r a t h e r  e q u i a x e d  and o f  t h e  a p p r o x i m a t e  

d i m e n s i o n  o f  t h e  s p a c i n g  o f  t h e  l i n e a r  i n d i c a t i o n s  i n  t h e  l o n g i -  

t u d i n a l  s e c t i o n .  The l i n e a r l y - a l i g n e d  p r e c i p i t a t e s  o f  F i g u r e  3 
a r e  t h o u g h t  t o  be z i r c o n i u m .  This w i l l  be i n v e s t i g a t e d  i n  l a t e r  

work. 

The m i c r o s t r u c t u r e  o f  t h e  h o t  r o l l e d  s t r i p  a f t e r  828°K/0.5- 

hour  s o l u t i o n  h e a t  t r e a t m e n t  and subsequent  a g i n g  i s  p r e s e n t e d  

i n  F i g u r e  5 f o r  A l l o y  I and i n  F i g u r e  6 f o r  A l l o y  11. Both  

l o n g i t u d i n a l  and t r a n s v e r s e  s e c t i o n s  a r e  presented .  A l l o y  I i s  

found t o  r e t a i n  r , i i c r o s t r u c t u r a l  f e a t u r e s  r e f i n e d  by t h e  h o t  

r o l l i n g  process .  G r a i n s  and/or  s u b - g r a i n s  a p p r o x i m a t e l y  5um i n  

s i z e  a r e  observed i n  F i g u r e  5b. On t h e  o t h e r  hand, e x t e n s i v e  

r e c r y s t a l l i z a t i o n  and g r a i n  g r o w t h  i s  observed i n  t h e  magnesium- 

c o n t a i n i n g  a l l o y ,  A l l o y  11. The s t r u c t u r e  o f  A l l o y  I 1  c o n s i s t s  

c f  l a r g e  g r a i n s  ( >  100pm d i a m e t e r )  amongst l o c a l  c l u s t e r i n g  o f  

s m a l l e r ,  e q u i a x e d  g r a i n s .  Coarse p r e c i p i t a t e s  a r e  observed 

a l o n g  q r a i n  b o u n d a r i e s .  The p o s s i b i l i t y  o f  he terogeneous p r e -  

c i p i t a t i o n  o f  a g r a i n  boundary phase w i l l  be i n v e s t i g a t e d  i n  

a subsequent t r a n s m i s s i o n  e l e c t r o n  mic roscopy  s t u d y .  Large  

(60pm l o n g )  p a r t i c l e s ,  such as t h a t  i n  F i g u r e  Sa, a r e  p r e s e n t  

i n  b o t h  a l u m i n u m - l i t h i u m  a l l o y s .  Energy d i s p e r s i v e  a n a l y s i s  

( K E V E X )  i n d i c a t e s  t h e  p a r t i c l e s  c o n t a i n  A 1  and/or  L i .  The p a r -  

t i c l e s  may r e l a t e  t o  t h e  master  a l l o y  a d d i t i o n  and a r e  p r o b a b l y  
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c a r r y o v e r s  f rom t h e  melt d u r i n g  t h e  a t o m i z a t i o n  p r o c e s s .  The 
p o i n t  o f  f r a c t u r e  i n i t i a t i o n  i n  a p p r o x i m a t e l y  10% o f  t h e  t e n s i l e  
tests was a s s o c i a t e d  w i t h  s u c h  p a r t i c l e s .  

The a q i n g  response o f  A l l o y s  I a n d  I 1  i s  p r e s e n t e d  i n  
F i g u r e s  7 t h r o u g h  9 .  F i g u r e  7 i s  a p l o t  o f  h a r d n e s s  a s  a 
f u n c t i o n  o f  a g i n g  t e m p e r a t u r e  f o r  a c o n s t a n t  a g i n g  time o f  

16 h o u r s .  T h e s e  d a t a  d e f i n e  t h e  t e m p e r a t u r e  regime w h e r e  t h e  
6'/8'' p r e c i p i t a t i o n  i s  E?- i d ;  t h e y  a l s o  p r o v i d e  a m e a s u r e  o f  
t h e  r e l a t i v e  s t r e n g t h  d i f f e r e n c e  b e t w e e n  A l l o y s  I a n d  11. Fig-  
ures 8 a n d  9 show t h e  v a r i a t i o n  i n  h a r d n e s s  w i t h  time f o r  two 
a g i n g  t e m p e r a t u r e s ;  443'K a n d  46J°K r e s p e c t i v e l y .  S i n c e  
h a r d n e s s  i s  a m e a s u r e  o f  t h e  y i e l d  a n d  f l o w  s t r e n g t h  o f  a n  a l -  
l o y ,  t h e  d a t a  i n d i c a t e  t i m e / t e m p e r a t u r e  c o n d i t i o n s  f o r  maximum 
s t r e n g t h e n i n g .  The d a t a  o f  F i g u r e  7 i n d i c a t e s  t h a t  a c c e l e r a t e d  
s t r e n g t h e n i n g  o c c u r s  a t  a h i g h e r  t e m p e r a t u r e  f o r  t h e  magnesium 
b e a r i n g  a l l o y ,  A l l o y  11. For a f i x e d  a g i n g  time, maximum h a r d e n -  
i n g  o c c u r s  a t  4S0°K f o r  A l l o y  I a n d  a t  470°K f o r  A l l o y  11. 

The magnesium a d d i t i o n  a p p e a r s  to a l t e r  t h e  p r e c i p i t a t i o n  p r o c e s s  
a n d  i n c r e a s e  t h e  s t r e n g t h  o f  t h e  b a s e  a l l o y .  On t h e  b a s i s  o f  t h e  
d a t a  o f  F i g u r e  7 ,  a g i n g  t e m p e r a t u r e s  o f  443'K a n d  463'K were 
s e l e c t e d  f o r  t h e  t i m e - a t - t e m p e r a t u r e  a g i n g  s t u d y .  The time d e -  
p e n d e n c e  o f  h a r d n e s s  f o r  a g i n g  A l l o y s  I a n 3  I 1  a t  44J°K a n d  
463'K a r e  r e p o r t e d  i n  F i g u r e s  8 a n d  9 ,  r e s p e c t i v e l y .  
h a r d n e s s  f o r  A l l o y  I o c c u r s  i n  a b o u t  30 h o u r s  a t  443'K. A l -  
l o y  I 1  reaches f u l l  h a r d n e s s  i n  a b o u t  200 h o u r s  a t  t h i s  tem- 
p e r a t u r e .  A t  463'K, A l l o y  I i s  peak  a g e d  i n  a b o u t  5 h o u r s  
w h i l e  A l l o y  I 1  r e q u i r e s  40 h o u r s  t o  a t t a i n  max imum h a r d n e s s .  
The a d d i t i o n  o f  magnesium i s  a g a i n  d e m o n s t r e t e d  to  i n c r e a s e  
a l l o y  s t r e n g t h  and  t o  a l t e r  p r e c i p i t a t i o n  k i n e t i c s .  

% 

Peak  

T e n s i l e  P r o p e r t i e s  a n d  F r a c t u r e  Morpho logy  

which w i l l  r e n d e r  t h e  r e f e r e n c e  a l l o y s  h i g h  s t r e n g t h  a n d  y e t  
m a i n t a i n  s u f f i c i e n t  a n d  r e p r o d u c i b l e  d u c t i l i t y ,  a b o u t  6 X ,  t o  
p e r f o r m  t h e  S C C  i n v e s t i g a t i o n .  I n  t h i s  s e c t i o n ,  t h e  b a s e l i n e  
t e n s i l e  p r o p e r t i e s  o f  Alloys I a n d  I 1  a r e  p r e s e n t e d  a s  a f u n c -  
t i o n  o f  a g i n g  c o n d i t i o n .  The t e n s i l p  p r o p e r t i e s  a r e  c h a r a c t e r -  
i z e d  i n  f i g u r e s  10 t h r u  1 4  a n d  i n  Table  2 .  

The g o a l  o f  t h i s  s t u d y  was t o  d e v e l o p  a h e a t  treatment 
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I n  f i g u r e s  10 a n d  1 1 ,  t h e  y i e l d  s t r e n g t h  (0.2% o f f s e t ) ,  
u l t imate  t e n s i l e  s t r e n g t h  and p l a s t i c  s t r a i n - t o - f r a c t u r e  versus 
a g i n g  time curves f o r  A l l o y s  I and  11, r e s p e c t i v e l y ,  a r e  p r e -  
s e n t e d .  Tensile c o u p o n s ,  F i g u r e  2a, were Used. Curves f o r  
443'K a n d  463'K a g i n g  a r e  p r e s e n t e d  i n  each f igure .  
f o l l o w i n g  t r e n d s  a r e  o b s e r v e d :  

The 

1 )  The l a r g e s t  v a l u e  o f  s t r a i n - t o - f r a c t u r e  a t  r e l a t i v e l y  

2 )  

h i g h  s t r e n g t h  is  52 for  Alloy I a n d  62 f o r  A l l o y  11. 

While  t h e  s t r a i n - t o - f r a c t u r e ,  e f  v e r s u s  443'K a g i n g  
c u r v e  f o r  Alloy I ( f i g u r e  10) g o e s  t h r o u g h  a minimum 
a s  peak  a g i n g  i s  a p p r o a c h e d ,  t h e  463'K a g i n g  curve 
f o r  e f  e x h i b i t s  an  u n e x p e c t e d  m a x i m a .  
The e f  v e r s u s  463'K a g i n g  curve f o r  A l l o y  I1 e x h i -  

b i t s  a l o c a l  maxima a t  a b o u t  14 h o u r s .  A s  t h e  peak 
s t r e n g t h  i s  more c l o s e l y  a p p r o a c h e d ,  t h e  s t r a i n - t o -  
f r a c  t ure r a p i d  1 y d e c r e a s e s .  

3 )  

4 )  The y i e l d  s t r e n g t h  and  u l t i m a t e  t e n s i l e  s t r e n g t h  ver- 
s u s  a g i n g  time curves  o f  F i g u r e s  10 a n d  11 c o r r e l a t e  
well  w i t h  t h e  h a r d n e s s  v e r s u s  a g i n g  curves  o f  F i g u r e s  
8 a n d  9 .  Aging p e a k s  o c c u r  a t  s imi l a r  a g i n g  times. 

The d a t a  o f  F i g u r e s  10 a n d  I 1  p o i n t  o u t  t h e  n e c e s s i t y  f o r  
c l o s e  c o n t r o l  o f  a g i n g  c o n d i t i o n s  b e c a u s e  o f  t h e  a n a m o l o u s  be -  

h a v i o r  cf t h e  d u c : i l i t y  p a r a m e t e r ,  e f .  
o f  5 %  f c r  Alloy I c a n  be a t t a i n e d  e i t h e r  b y  peak  a g i n g  a t  463'K 
o r  b y  o v e r a g i n g  a t  443'K. A s t r a i n - t o - f r a c t u r e  v a l u e  o f  6 %  re -  
s u l t s  when A l l o y  I 1  i s  u n d e r a g e d ,  b u t  i f  a g i n g  p r o c e e d s  t o o  f a r ,  
t h e  s t r a i n - t o - f r a c t u r e  r a p i d l y  d e c l i n e s  t o  a b o u t  3%. Aging 
t e m p e r a t u r e s  somewhat  g r e a t e r  t h a n  463'K a r e  e x p e c t e d  t o  s h i f t  
t h e  a g i n g  r e s p o n s e  c u r v e  t o  t h e  l e f t  s u c h  t h a t  t h e  d e c l i n e  i n  
e f  w i t h  time may o c c u r  f o r  s i g n i f i c a n t l y  s h o r t e r  timss. The 

r e p r o d u c i b i i i t y  o f  d u c t i l i t y  p a r a m e t e r s  i s  a m a j o r  c o n c e r n  i n  
t h e  SCC s t u d y .  T h e r e f o r e ,  t h e  e f  f o r  s e l e c t e d  h e a t  t r e a t m e n t s  
w i l l  r e q u i r e  a s t a t i s t i c a l  base t o  d e f i n e  r e p r o d u c i b l e  c o n t r o l  
cond i t i o n s .  

The optimum e f  v a l u e  
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To d e t e r m i n e  Young ' s  m o d u l u s ,  E ,  a t r a i n  g a u g e s  m r e  mounted  
o n  two s i d e s  o f  t h e  f l a t  t e n s i l e  c o u p o n s .  Modu l i  a r e  r e p o r t e d  
i n  T a b l e  2. A value of 80 GPa is  c o n s i s t e n t  w i t h  t h e  d a t a  o f  
W e b s t e r  o n  a l l o y s  o f  s i m i l a r  c o m p o s i t i o n .  l 2  The m o d u l u s  f o r  
7075-T6 aluminum is  i n c l u d e d  for  c o m p a r i s o n .  The r e f e r e n c e  
a l u m i n u m - l i t h i u m  a l l o y s  a r e  12% s t i f f e r  t h a n  7073-76 aluminum. 

The morpho logy  o f  t h e  f r a c t u r e d  t e n s i l e  t e s t  s p e c i m e n s  was 
s t u d i e d  f o r  l a t e r  c o m p a r i s o n  t o  s t r e s s  c o r r o s i o n  f r a c t u r e  s u r -  
f a c e s .  P h o t o g r a p h s  of  t h e  t e n s i l e  c o u p o n  f r a c t u r e s  a r e  p r e -  
s e n t e d  i n  F i g u r e s  1 2  t h r u  16. 

A l l o y s  I a n d  11 were o b s e r v e d  t o  f a i l  i n  d i s t i n c t l y  d i f -  
f e r e n t  m a n n e r s  a s  i l l u s t r a t e d  i n  F i g u r e  1 2  where t y p i c a l  f r a c -  
t u r e  s u r f a c e s  a r e  shown. F i g u r e  1 2 a  is a c o m p a r i s o n  o f  t h e  

f r a c t u r e  p r o f i l e  o f  A l l o y  I ( t o p )  a n d  A l l o y  I 1  f r a c t u r e s .  A l -  
l o y  I f a i l s  b y  shear  (47.5'  measured w i t h  r e s p e c t  t o  t h e  l o a d  
a x i s )  w h i l e  A l l o y  I1 f r a c t u r e s  on a p l a n e  p e r p e n d i c u l a r  t o  
d i r e c t i o n  o f  m a x i m u m  l o a d .  S h e a r  f r a c t u r e s  f o r  A l l o y  I a n d  
t e n s i l e  f r a c t u r e s  f o r  A l l o y  I 1  were o b s e r v e d  f o r  t h e  s p e c i m e n s  
u s e d  t o  g e n e r a t e  t h e  d a t a  o f  F i q u r e s  10 a n d  11. Compar i son  
o f  t h e  f r a c t u r e  s u r f a c e s  o f  A l l o y s  I a n d  11 is p r e s e n t e d  i n  
F i g u r e  12b .  The v a r i a t i o n  i n  f r a c t u r e  t o p o g r a p h y  i s  c l e a r l y  
o b s e r v a b l e .  

In F i g u r e s  1 3  a n d  14 ,  s c a n n i n g  e l e c t r o n  m i c r o g r a p h s  ( S E M )  

s h o w i n g  t h e  f r a c t u r e  t o p o g r a p h y  o f  A l l o y  I s p e c i m e n s  a r e  p r e -  
s e n t e d .  A s t e p p e d ,  b r i t t l e  f r a c t u r e  a p p e a r a n c e  is o b s e r v e d .  
E l o n q a t e d  d i m p l e s ,  c h a r a c t e r i s t i c  o f  d u c t i l e  me t e l s  f a i l e d  by 

s h e a r i n g  , a r e  n o t  o b s e r v e d .  
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SEM m i c r o g r a p h s  o f  t h e  f r a c t u r e  s u r f a c e  o f  Alloy X I  s p e c -  
i m e n s  a r e  p r e s e n t e d  i n  F i g u r e s  1 5  a n d  16. The f r a c t u r e  o f  t h e  
m a g n 8 s i u m - b e a I i n g  a l l o y  c o n t a i n s  l a m i n a r  t ears  o r i e n t e d  p a r a l -  
l e l  t o  t h e  r o l l i n g  p l a n a .  The t e a r s  a re  t h o u g h t  t o  o c c u r  a l o n g  
i n t e r f a c e s  weakened d u r i n g  p r o c e s s i n g  o f  t h e  h o t  r o l l e d  s t r i p .  
I n  s u b s t a n t i a t i o n ,  f r a c t u r e  s u r f a c e s  o f  A l l o y  I 1  s p e c i m e n s  f a b -  
r i c a t e d  f r o m  t h e  a s - r e c e i v e d  e x t r u s i o n  do n o t  e x h i b i t  l a m i n a r  
t ears .  I n t e r g r a n u l a r  f a c e t s  a p p r o x i m a t e l y  5 r m  i n  s i z e  a r e  t h e  

p r e d o m i n a n t  f r a c  t o g r a p h i c  f e a t u r e .  

B o t h  A l l o y  I a n d  A l l o y  X I  f r a c t u r e s  e x h i b i t  l e s s  t h a n  3% 
r e d u c t i o n  i n  a r ea  . I n  a d d i t i o n ,  f i n a l  f r a c t u r e  o f  t h e  t e n s i l e  
s p e c i m e n s  o c c u r s  a t  t h e  p o i n t  o f  p l a s t i c  i n s t a b i l i t y  (maximum 
l o a d ) .  These  d a t a  c o m b i n e d  w i t h  t h e  SEM f r a c t o g r a p h i c  r e s u l t s  
d e m o n s t r a t e  t h e  b r i t t l e  n a t u r e  o f  f r a c t u r e  i n  b o t h  a l l o y s .  

The t e n s i l e  d a t a  o f  F i g u r e s  10 a n d  1 1  r e p r e s e n t  A 1 - L i  a l -  
l o y  s o l u t i o n  h e a t  t r e a t e d  a t  828'K. 

t e n s i l e  p r o p e r t i e s  a r e  p r e s e n t e d  a s  a f u n c t i o n  o f  s o l u t i o n  h e a t  
t r e a t m e n t  t e m p e r a t u r e  f o r  a c o n s t a n t  a g i n g  c o n d i t i o n .  These  
d a t a  were o b t a i n e d  u s i n g  t e n s i l e  r o u n d  s p e c i m e n s , .  F i g .  2 ( c ) ,  
w h i c h  were f a b r i c a t e d  d i r e c t l y  from t h e  e x t r u d e d  p l a t e .  The 

o b j e c t i v e  o f  these t e s t s  was t o  d e t e r m i n e  t h e  s o l u t i o n  h e a t  

t r e a t m e n t  ( S H T )  w h i c h  p r o v i d e s  opt imum d u c t i l i t y  f o r  each o f  
t h e  a l l o y s .  The f o l l o w i n g  r e s u l t s  a r e  f o u n d :  

I n  F i g u r e s  17 a n d  18,  

( 1 )  The d u c t i l i t y  o f  A l l o y  I i s  somewhat g r e a t e r  t h a n  3% 
a n d  u n a f f e c t e d  b y  SHT t e m p e r a t u r e .  However,  t h e  y i e l d  
s t r e n g t h  ( Y S )  a n d  u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS) a r e  
maximum a t  788'K. These d a t a  s u g g e s t  t h a t  t h e  a g i n g  
r e s p o n s e  o f  A l l o y  I s o l u t i o n  h e a t  t r e a t e d  a t  788'K b e  

i n v e s t i g a t e d  f o r  optimum p r o p e r t i e s .  
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( 2 )  The d u c t i l i t y  o f  A l l o y  I 1  decreaaes and t h e  

s t r e n g t h  va lues ,  Y S  and UTS, i n c r e a s e  a s  t h e  SHT 

t e m p e r a t u r e  is i nc reased .  Thus, t h e  opt imum SHT 

i s  a comnromiss between s t r e n g t h  and d u c t i l i t y  

requ i remen ts .  SHT a t  788'K produces  m a t e r i a l  

w i t h  469 MPa y i e l d  s t r e n g t h ,  550  HPa u l t i m a t e  

t e n s i l e  s t r e n g t h ,  and an e l o n g a t i o n - t o - f r a c t u r e  

v a l u e  o f  5%; e x c e l l e n t  t e n s i l e  p r o p e r t i e s .  

( 3 )  Values  o f  s t r e n g t h  for  t h e  828'K SHT c o n d i t i o n  

for b o t h  a l l o y s  a r e  h i g h e r  t h a n  c o r r e s p o n d i n g  d a t a  

r e p o r t e d  f o r  t h e  t e n s i l e  coupons. The y i e l d  

s t r e n g t h  and UTS v a l u e s  o f  A l l o y  I a r e  9% g r e a t e r .  

For  A l l o y  11, t h e r e  i s  a more pronounced a f f e c t ;  

t e n s i l e  r o u n d  YS and UTS d a t a  a r e  g r e a t e r  by 42% 

and 30%, r e s p e c t i v e l y .  Th i s  anomaly w i l l  be dis- 
cussed l a t e r  i n  t h i s  r e p o r t .  

F r a c t u r e  c h a r a c t e r i s t i c s  for  t h e  t e n s i l e  rounds  a r e  

ana logous t o  those  o f  t he  f l a t  t e n s i l e  coupons, and t h i s  i s  

i l l u s t r a t e d  i n  F i g u r e  19. A l l o y  1 f r a c t u r e  o c c u r s  a l o n g  t h e  

p l a n e  o f  maximum shear  s t r e s s  and A l l o y  I 1  f r a c t u r e  o c c u r s  

a l o n g  the  p lane  o f  maximum t e n s i l e  s t r e s s .  F o r  A l l o y  11 t e n -  

s i l e  rounds,  t h e r e  were two e x c e p t i o n s ;  b o t h  the  specimen s o l u -  

t i o n  h e a t  t r e a t e d  a t  768'K and a specimen i n  t h e  a s - e x t r u d e d  

c o n d i t i o n  f r a c t u r e d  a l o n g  t h e  p l a n e  o f  maximum sheJr s t r e s s .  

T h i s  t r a n s l a t i o n  i n  f r a c t u r e  b e h a v i o r  i n  A l l o y  I 1  i s  a t t r i b u t e d  

t o  two reasons :  

( 1 )  For  SHT t e m p e r a t u r e s  l e s s  than  78J°K, d i s s o l u -  

t i o n  o f  coa rse  p r e c i p t a t s s  i s  i n c o m p l e t e ,  8nd 

r e c r y s t a l l i z a t i o n  8nd g r a i n  g r o w t h  do n o t  occur .  

Thus, t h e  a s - e x t r u d e d  and 768'K SHT specimens 
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d i f f e r  f rom t h e  r e m a i n i n g  A l l o y  11 s p e c i m e n s  i n  
t h a t  r e l a t i v e l y  l a r g e ,  e q u i a x e d  g r a i n s  a r e  n o t  
p r e s e n t  ( c o m p a r e  F i g u r e  1 t o  F i g u r e  3 ) .  

( 2 )  F o r  SHT t e m p e r a t u r e s  i n  excess  o f  783'K, coarse  
g r a i n  b o u n d a r y  p r e c i p i t a t i o n  a c c o m p a n i e s  r e c r y s t a l -  
l i z a t i o n  a n d  g r a i n  g r o w t h  i n  t h e  m a g n e s i u m - b e a r i n g  
a l l o y .  The g r a i n  b o u n d a r y  p r e c i p i t a t i o n  s i g n i f i c a n t -  
l y  r e d u c e s  t h e  cohesive s t r e n g t h  o f  t h e  g r a i n  
b o u n d a r y  r e g i o n s .  

To d e m o n s t r a t e  t h a t  p r e c i p i t s t i o n  e v e n t s  a r e  p r e -  
p o n d e r a n t l y  r e s p o n s i b l e  f o r  t h e  F r a c t u r e  t r a n s i t i o n  o b s e r v e d  
f o r  A l l o y  11, a n d  f o r  t h e  more b a s i c  d i f f e r e n c e  i n  f r a c t u r e  
b e h a v i o r  b e t w e e n  A l l o y s  I a n d  I I ,  c o n s i d e r  t h e  SEM f r a c t o g r a p h s  
o f  F i g u r e s  2 0  a n d  21. The f r a c t u r e  t o p o g r a p h y  o f  A l l o y s  I a n d  
11 a r e  c o m p a r e d  i n  F i g u r e  20. A l l o y  1 e x h i b i t s  a r e l a t i v e l y  
f l a t ,  f e a t u r e l e s s  t o p o g r a p h y  w h i l e  A l l o y  11 f r a c t u r e s  i n t e r -  
g r a n u l a r l y .  The f l a t  f e a t u r e l e s s  r e g i o n s ,  f i g u r e  2 0 ( a ) ,  a r e  
t h o u g h t  t o  c o r r e s p o n d  t o  c r y s t a l l o g r a p h i c  s l i p  p l a n e s  a l o n g  w h i c h  
d e f o r m a t i o n  is l o c a l i z e d  i n  t h e  A l - L i - C u  a n d  A1-L-Cu-Mq a l l o y  
systems. S l i p  is c o n s t r a i n e d  t o  s l i p  b a n d s  d u e  t o  t h e  o r d e r e d  
n a t u r e  o f  t h e  6' p r e c i p i t a t e s .  5 l i p  c o n t i n u e s  u n t i l  p i l e - u p  
s t r e s s e s  a r e  s u f f i c i e n t  t o  c a u s e  s l i p - p l a n e  d e c o k e s i o n .  Both 
a l l o y s  a r e  t h o u q h t  t o  h a v e  a s t r o n g  p r e f e r r e d  o r i e n t a t i o n  a n d ,  
t h u s ,  a r e l a t i v e l y  f l a t  f r a c t u r e  t o p o g r a p h y  is e x p e c t e d .  

A l l o y  I 1  a l s o  d e f u r m s  by l o c a l i z e d  s l i p .  However, l a r g e ,  
c l o s e l y - s p a c e d  g r a i n  b o u n d a r y  p r e c i p i t a t e s  a r e  p r e s e n t  i n  t h e  

m i c r o s t r u c t u r e  d u e  t o  t h e  magnesium a d d i t i o n  ( r e f e r e n c e  t h e  

o p t i c a l  m i c r o g r a p h s  o f  F i g u r e s  4 and 6 ) .  The coarse  g r a i n  
b o u q d a r y  p r e c i p i t a t e s  reduce t h e  c o h e s i v e  s t r e n g t h  o f  g r a i n  
b o u n d a r i e s .  4 c o n d i t i o n  is r e a c h e d  where s t r e s s e s  g e n e r a t e d  a t  
t h e  t i p  o f  t h e  s l i p  b a n d s  d u r i n g  d e f o r m a t i o n  a r e  s u f f i c i e n t  
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t o  c a u s e  g r a i n  b o u n d a r y  d e c o h e s i o n  i n  p r e f e r e n c e  t o  s l i p  p l a n e  
d e c o h e s i o n  a n d  i n t e r g r a n u l a r  f r a c t u r e  resul  t a .  The c o a r s e  n a -  
t u r e  o f  t h e  g r a i n  b o u n d a r y  p r e c i p i t a t e s  and  t h e i r  i n f l u e n c e  o n  
f i n a l  f r a c t u r e  are  e v i d e n t  i n  t h e  f r a c t o g r a p h s  o f  F i g u r e  21. 

I t  h a s  b e e n  shown t h a t  t h e  t e n s i l e  p r o p e r t i e s  f o r  r o u n d  
s p e c i m e n s ,  F i g u r e s  17 a n d  1 8 ,  a r e  c o n s i d e r a b l y  g r e a t e r  t h a n  
c o r r e s p o n d i n g  p r o p e r t i e s  f o r  t h e  f l a t  t e n s i l e  c o u p o n s ,  F i g u r e s  
10 a n d  1 1 ,  f o r  a n  e q u i v a l e n t  h e a t  t r e a t m e n t .  I n d e e d ,  t h e  Y S  

a n d  U T S  v a l u e s  fo r  A l l o y  I 1  a r e  r e s p e c t i v e l y  42% a n d  30% g r e a t e r  
i n  c o m p a r i n g  t e n s i l e  r o u n d  and c o u p o n  d a t a .  S i n c e  there  i s  a 
p r o c e s s i n g  d i f f e r e n c e  a s  well a s  s p e c i m e n  s i z e  d i f f e r e n c e ,  f u r -  
t h e r  t e s t i n g  was p e r f o r m e d  t o  i n v e s t i g a t e  t h i s  anomaly .  

T e n s i l e  t e s t s  were p e r f o r m e d  on s t r a i n i n q  e l e c t r o d e  s p e c -  
i m e n s ,  F igu re  2 ( b ) ,  wh ich  were f a b r i c a t e d  d i r e c t l y  f rom t h e  as -  
e x t r u d e d  a l l o y ,  p r o v i d i n g  i s o l a t i o n  o f  t h e  p r o c e s s i n g  v a r i a b l e .  
The r e s u l t i n g  d a t a  a r e  p l o t t e d  i n  F i g u r e s  2 2  a n d  23 .  I n t e r -  
p r e t a t i o n  o f  t h e  d a t a  f o r  A l l o y  I 1  i s  c o m p l i c a t e d  b e c a u s e  t h e  

s p e c i m e n s  were i n a d v e r t e n t l y  d u p l e x  a g e d .  The s p e c i m e n s  were 
a g e d  a t  443°K f o r  t h e  r e s p e c t i v e  times i n d i c a t e d  i n  F i g u r e  23, 
p r i o r  t o  463'K a g i n g .  The d a t a  a r e  n o n e t h e l e s s  p r e s e n t e d ,  f o r  
some u s e f u l  i n f o r m a t i o n  is o b t a i n a b l d .  The d a t a  o f  F i g u r e s  2 1  

a n d  23 i n d i c a t e  t h e  f o l l o w i n g :  

1 .  W i t h  t h e  e x c e p t i o n  o f  t h e  h i g h - y i e l d  s t r e n g t h  o f  t h e  

s p e c i m e n  a g e d  f o r  3 h o u r s  a t  463'K, t h e  t e n s i l e  s t r e n g t h  
f o r  t h e  A l l o y  I s t r a i n i n g  e l e c t r o d e  and  c o u p o n - t y p e  s p e c -  
i m e n s  i s  c o m p a r a b l e .  However,  t h e  s t r a i n - t o - f r a c t u r e  d a t a  
a r e  n o t  c o n s i s t e n t  w i t h  t h e  t r e n d  cu rve  r e p r e s e n t i n g  c o u -  
pon t y p e  s p e c i m e n s .  A t r e n d  o f  i n c r e e s i n q  d u c t i l i t y  w i t h  

d e c r e a s i n g  t e n s i l e  s t r e n g t h  i s  i n d i c a t e d .  
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2. The s t r e n g t h  parameters  f o r  t h e  A l l o y  11 s t r a i n i n g  

e l e c t r o d e  specimens, F i g u r e  23, a r e  d i r e c t l y  comparable 

t o  v a l u e s  d e t e r m i n e d  for t e n s i l e  rounds ,  F i g u r e  18; t h a t  

i s ,  Y S  and U T S  v a l u e s  a r e  s u b s t a n t i a l l y  g r e a t e r  t h a n  v a l u e s  

o b t a i n e d  f rom t h e  h o t  r o l l e d  t e n s i l e  coupons. P r o c e s s i r o  

s t r o n g l y  i n f l u e n c e s  A l l o y  1 1  p r o p e r t i e s .  

3 .  The d u p l e x  a g i n g  g r e a t l y  a c c e l e r a t e s  6 ' p r e c i p i t a t i o n  

i n  A l l o y  11. T h i s  i s  e v i d e n t  i n  t h a t  i n i t i a l  a g i n g  f a r  

s h o r t  t i m e s  a t  445'K ( 3  and 26 h o u r s  r e s p e c t i v e l y ) ,  s h i f t s  

t h e  subsequent  463'K a g i n g  res+onse c u r v e  t o  s h o r t e r  t imes.  

The a g i n g  peak i s  s h i f t e d  f rom abou t  50 h o u r s  t o  l e s s  t h a n  

t h r e e  h o u r s  by  d u p l e x  ag ing .  The s t r a i n i n g  e l e c t r o d e  spec- 

imen d a t a  i n  F i g u r e  23 a r e  c o n s i s t e n t  w i th  an averaged  con-  

d i t i o n  for A l l o y  11. 

The d a t a  o f  F i g u r e s  22  and 23 demons t ra te  t h e  impor tance  

o f  p r o c e s s i n g  as a c o n t r o l  v a r i a b l e  f o r  t he  r e f e r e n c e  a lum in ium-  

l i t h i u m  a l l o y s .  V a r i a t i o n s  i n  g r a i n  shape and s i z e  and t h e  s i z e  

and d i s t r i b u t i o n  o f  g r a i n  boundary p r e c i p i t a t e s  s t r o n g l y  e f f e c t  

t h e  m e c h a n i c a l  b e h a v i o r .  A l l o y  11 i s  more s t r o n g l y  a f f e c t e d  

because r e c r y s t a l l i z a t i o n  and g r a i n  g r o w t h  occu r  r e a d i l y  i n  

t h i s  a l l o y ,  and g r a i n  boundary p r e c i p i t a t i o n  i s  a p p a r e n t l y  

more e x t e n s i v e .  Even i n  t h e  case o f  A l l o y  I ,  where shear  f r a c -  

t u r e  mechanisms dominate,  t h e  d a t a  i n d i c a t e  the  impor tance  o f  

t h e  c o n t r o l  o f  p r o c e s s  h i s t o r y  t o  y i e l d  r e p r o d u c t i b l e  d u c t i l i t y .  

The f r a c t u r e  morphology o f  t he  s t r a i n i n g  e l e c t r o d e  s p e c i -  

mens was c o n s i s t e n t  w i t h  r e s u l t s  o b t a i n e d  f o r  coupon and t e n s i l e  

round  specimens. A l l o y  I f r a c t u r e s  were shear  dominated,  w h i l e  

A l l o y  I 1  f r a c t u r e s  o c c u r r e d  on a p l a n e  o f  maximum t e n s i l e  s t r e s s .  

The f r a c t u r e  p r o f i l e  o f  an A l l o y  I s t r a i n i n g  e l e c t r o d e  specimen 

1s compared t o  t e n s i l e  coupon f r a c t u r e  p r o f i l e  i n  f i g u r e  24. 
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SEM f r a c t o g r a p h s  r e p r e s e n t a t i v e  o f  A l l o y  I and  I 1  a r e  p r e s e n t e d  
i n  F i g u r e  2 5 .  The b r i t t l e  shear c h a r a c t e r i s t i c s  p r e v i o u s l y  re- 
p o r t e d  f o r  A l l o y  I were a g a i n  o b s e r v e d .  A l l o y  I 1  f r a c t u r e s  i n -  
t e r g r a n u l a r l y ,  and a g a i n  g r a i n  f a c e t s  a r e  t y p i c a l l y  5vm i n  s i z e .  
S e c o l i d a r y  i n t e r g r a n u l a r  c r a c k i n g  is a l s o  o b s e r v e d .  

E x a m i n a t i o n  o f  t h e  v a r i o u s  shear  fracLtures o f  t h e  t e n -  
s i l e  c h a r a c t e r i z a t i o n  program s u g g e s t s  t h a t  t he re  i a  a s t r o n g  
p r e f e r r e d  o r i e n t a t i o n  i n  t h e  r e f e r e n c e  A 1 - L i  a l l o y s .  T h i s  i s  
d e m o n s t r a t e d  i n  t h e  f a c t u r e  c o m p a r i s o n  o f  F i g u r e  24 a n d  t h e  
schematic o f  F i g u r e  26. When o r i e n t a t i o n s  o f  t h e  v a r i o u s  t c n -  
s i l e  s p e c i m e n s  a r e  c o m p a r e d ,  f i n a l  f r a c t u r e  o c c u r s  on  p l a n e s  
p r e f e r e n t i a l l y  o r i e n t e d  w i t h  r e s p e c t  t o  t h e  r o l l i n g  d i r e c t i o n .  

.X-ray d i f f r a c t i o n  w i l l  be u s e d  t o  d e t e r m i n e  t h e  degree o f  t ex-  
t u r e  and t h e  p re fe r r ed  o r i e n t a t i o n .  

22 



SUMMARY 

The r e f e r e n c e  o l u n i n u m - l i t h i u m  P/M a l l o y s  do o f  f e r  t h e  

p o t e n t i a l  o f  h i g h  s t r e n g t h ,  h i g h  modulus and l o w  d e n s i t y .  

S t r e n g t h  p r o p e r t i e s  o f  480 M?a y i e l d  and 550 MPa u l t i m a t e  

t e n s i l e  s t r e n g t h  w i t h  a t r a i n - t o - f r a c t u r e  a p p r o a c h i n g  5% c a n  be 

a c h i e v e d  t h r o u g h  - p r o p e r  thermo-mechanica l  t r e a t m e n t .  However, 

t h e  P/M a l l o y s  i w e a t i g a t e d  a r e  c h a r a c t e r i z e d  by l i m i t e d  

d e f o r m a t i o n  beyond p l a s t i c  i n s t a b i l f t y .  Very l i t t l e  r e d u c t i o n  

i n  a r e a  i s  observed and f r a c t u r e  c h a c t e r i s t i c s  a r e  b r i t t l e .  

Because i n t e r g r a n u l a r  f r a c t u r e  o c c u r s  i n  A l l o y  X I  d u r i n g  

t e n s i l e  t e s t i n g  under  ambient  c o n d i t i o n s ,  i t  i s  p o s s i b l s  t h a t  

t h e  t e n s i l e  p r o p e r t i e s  o f  t h i s  a l l o y  a r e  e n v i r o n m e n t a l l y  

s e n s i t i v e .  Thus, a s  a r e s u l t  o f  t h e  t e n s i l e  c h a r a c t e r i z a t i o n -  

program, t h e  scope o f  t h e  s t r e s s  c o r r o s i o n  s t u d y  has  been 

expanded t o  i n c l u d e  s l o w - s t r a i n  r a t e  t e s t s  o f  A l l o y  X I  a f t e r  

p re-exposure  t o  a h i g h  h u m i d i t y  env i ronment .  A lso,  because o f  

t h e  e x t e n t  t o  wh ich  g r a i n  boundary p r e c i p i t a t i o n  occurs ,  A l l o y  

I 1  i s  a n t i c i p a t e d  t o  be t h e  more s t r e s s  c o r r o s i o n  s u s c e p t i b l e  

o f  t h e  two a l l o y s .  

S u f f i c i e n t  m e c h a n i c a l  p r o p e r t i e s  d a t a  have been g e n e r a t e d  

t o  c h a r a c t e r i z e  t h e  t e n s i l e  p r o p e r t i e s  o f  t h e  two r e f e r e n c e  

a l l o y s .  However, f u r t h e r  t e s t s  a r e  r e q u i r e d  t o  demonst ra te  

s a t i s f a c t o r y  r e p r o d u c i b i l i t y  o f  p r o p e r t i e s  f o r  specimens t o  be 

used i n  t h e  s t r e e s  c o r r o s i o n  program. The a l l o y  p r o c e s s i n g  

s t e p s  and h e a t  t r e a t m e n t  must be somewhat r e f i n e d  t o  a s s u r e  

r e p r o d u c i b l e  p r o p e r t i e s ;  i n  p a r t i c u l a r ,  s t r a i n - t o - f r a c t u r e  

c h a r a c t e r i z a t i o n  t e s t s  a r e  i n  p r o g r e s s .  
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CONCLUSIONS 

1 )  S t r e n g t h  p r o p e r t i e s  o f  490 MPa y i e l d  a n d  550 MPa u l t i -  
mate t e n s i l e  s t r e n g t h  w i t h  a t r u i n - t o - f r a c t u r e  a p p r o a c h i n g  5 %  

c a n  b e  a c h i e v e d  i n  b o t h  r e f e r e n c e  a l u m i n u m - l i t h i u m  a l l o y s  s e l e c t e d  
f o r  t h e  s t r e s s  c o r r o s i o n  s t u d y .  These  p r o p e r t i e s . ,  combined  w i t h  

t h s  h i g h  e l a s t i c  11iodulu8 ( 8 0  GPa), make b o t h  c o m p o s i t i o n s  v i a b l e  
c o m m e r c i a l  c a n d i d a t e s .  

2 )  R e p r o d u c i b i l i t y  o f  p r o p e r t i e s  r e T u i r e s  c l o s e  c o n t r o l  o f  

b o t h  a l l o y  p r o c e s s i n g  a n d  h e a t  t r e a t m e n t  p a r a m e t e r s .  f u r t h e r  t e s t s  
a r e  r e q u i r e d  t o  d e m o n s t r a t e  s a t i s f a c t o r y  r e p r o d u c i b i l i t y  o f  p r o p e r -  
t i e s  far  s p e c i m e n s  t o  be  u s e d  i n  t h e  s t r e s s  c o r r o s i o n  p rogram.  

3 )  P r e c i p i t a t i o n  i s  more s l u g g i s h  i n  A l l o y  I 1  (Al-Li-Cu-Mg) 
t h a n  i n  t h e  A l - L i - C u  t e r n a r y  a l l o y ,  Alloy I .  However., g r e a t e r  peak  
s t r e n g t h  o c c u r s  i n  t h e  m a g n e s i u m - b e a r i n g  a l l o y .  A y i e l d  s t r e n g t h  
o f  5 2 5  MPa and u l t i m a t e  t e n s i l e  R t r e n q t h  o f  590 MPa w i t h  a 3% s t r a i n -  
t o - f r a c t u r e  v a l u e  was a t t a i n e d  f o r  A l l o y  XI. The m a x i m u m  y i e l d  a n d  
u l t i m a t e  t e n s i l e  s t r e n g t h  a t t a i n e d  i n  A l l o y  I a r e  480 HPa a n d  550  

MPa r e s p e c t i v e l y .  

4) A l l o y  I f r a c t u r e s  a l o n g  a p l a n e  o f  m a x i m u m  s h e a r  s t r e s s ,  
w h i l e  A l l o y  XI, i n  g e n e r a l ,  f r a c t u r e s  on a p l a n e  o f  maximum t e n s i l e  
s t ress .  A l l o y  I 1  f r a c t u r e s  i n t e r g r a n u l a r l y ,  w h i l e  A l l o y  I f r a c t u r e s  
v i a  s l i p - p l a n e  d e c o h e s i o n .  

5 )  For e q u i v a l e n t  t h e r m o m e c h a n i c a l  p r o c e s s i n g ,  r n c r y s t a l l i -  
z a t i o n  3nd g r a i n  g r o w t h  i s  more e x t e n s i v e  i n  the m a g n e s i u m - b e a r i n g  
a l l o y ,  A l l o y  11. 

6 )  I t  a p p e a r s  t h a t  - 0 9  w t .  p c t .  Zr i s  i n s u f f i c i e n t  t o  
r e t a r d  g r a i n  g r o w t h ,  p s r t i c u l a r l y  i n  t h e  m a g n e s i u m - b e a r i n g  a l l o y .  
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7 )  The P/M a l u m i n u m - l i t h i u m  a l l o y s  a r e  c h a r a c t e r i z e d  b y  

l i m i t e d  d e f o r m a t i o n  beyond p l a s t i c  i n s t a b i l i t y .  Very l i t t l e  

r e d u c t i o n  i n  a r e a  is observed and f r a c t u r e  c h a r a c t e r i s t i c s  a r e  

b r i t t l e .  

8 )  A f i x e d  o r i e n t a t i o n a l  r e l a t i o n s h i p  be tween t e n s i l e  

f r a c t u r e  s u r f a c e s  and t h e  r o l l i n g  d i r e c t i o n  suggest  t h a t  t h e  

P/M p rocessed a l l o y s  a r e  s t o n g l y  t e x t u r e d .  T h i s  i s  b e i n q  

i n v e s t  iga  t e d  i n  ongo i n g  s t u d y  . 

9) Because o f  t h e  i n t e r g r a n u l a r  n a t u r e  o f  f r a c t u r e  i n  

t e n s i l e  t e s t s  i n  A l l o y  I under  ambien t  c o n d i t i o n s ,  t e n s i l e  

p r o p e r t i e s  may be e n v i r o n m e n t a l l y  s e n s i t i v e .  Slow s t r a i n  r a t e  

t e s t s  w i l l  t h u s  be p e r f o r m e d  f o r  A l l o y  I specimens prexposed 

t o  a h i g h  h u m i d i t y  env i ronment .  
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T a b l e  I 1  Y o u n g ‘ s  Modulus  Compar i son  Data 

= 8 0 . 0  GPa ‘Alloy I 

‘ A l l o y  I 1  = 8 0 . 7  GPa 

= 7 1 . 7  GPa ‘7075-16  Aluminium 

N o t e :  a )  A l l o y s  I and  11 i n  p e a k - a g e d  c o n d i t i o n .  

b )  Modulus  d e t e r m i n a t i o n s  made from t h e  o u t p u t  

o f  two s t r a i n  g a g e s  on o p p o s i t e  s i d e s  o f  f l a t  
t e n s i l e  c o u p o n s .  

c )  7 0 7 5 - 1 6  Modulus  v a l u e  r e p o r t e d  i n  Aluminum 

S t a n d a r d s  and  Data - 1 9 7 9 ,  The Aluminum 

A s s o c i a t i o n  ( S i x t h  E d i t i o n ) ,  March 1 9 7 9 .  
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